
RD-A147 660 CORRELATION OF ELECTRONIC CHARGE 
TRANSFER TRANSITIONS i/i

I AND ELECTROCHEMICAL..(U) YORK UNIV DOWNSVIEW (ONTARIO)
I DEPT OF CHEMIISTRY E S DODSWORTH ET AL. OCT 84 TR-33U La

*CRSEEEEEEIE--59 FG /4N



1.0
111111

* 1.25 14 -A

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A



OFFICE OF NAVAL RESEARCH

CO Contract N00014-78-C-0592

Task No. NR 051-693

TECHNICAL REPORT no. 33

( Correlation of Electronic Charge Transfer Tranitions and Electrochemical

Potentials. The Bipmrazine(Tetrcarbovl)Nolbdenii(O) System In Various

Solvents

Accession For
BY MTIS GRA&I

DTIC TAB
Unannounced E

Elaine S. Dodsvorth and A.B.P. Lever* Justification

Prepared for Publication Distribution/

In asM Availability Codes
Avail and/or

OWN Dist Special
Clemical, Physics Letters (

York University

Department of Chemis try E)T IC
Douinsview, (Toronto) M% LECTE

Ontario N3J-1P3 ZVNOV 2 31984 p

Reproduction in whole or in part is permitted for
LAJ any purpose of the United States Government.

This document has been approved for public release
and sale; its distribution is unlimited.

84 11 14 009



SCUF4TV CLASSMPICATION ODI THIS PAGE MOW DO &..RI"4_______________

READ USTRUCTInO!IS
REPORT DOCUMENTATION PAGE uavoaZ COMPLETiG Porl

It FEORT NUMBER GOV ACCESSION 01O 3. RCIPIENTS CATALOG NUMBErs

4. TITLE (&Ad sm"110) SL TYPE OF RPORT & PERIOD COVERED

Correlation of Electronic Charge Transfer Trans- Tech i Report

itions and Electrochemical Potentials. The October, 1983 - October, 1984

Bipyrazine(Tetracarbonyl)olybdeuI(O) System in & PERFORMING ORG. MEPORT NUM99kA

Various Solvents

7. AINORe) . CONTRACT OR PRANT NUMBER90(s)

Elaine S. Dodsworth and A.B.P. Lever*

NOO0l 4-78-C-OS 92
9. PERFORMING ORGANIZATION NAME AND ADDRES$ 10. PROO AN LEMZN1% PROJECT. TAMI

Department of Chemistry, York Universit ARoAL ORH UNIT NUMDERS

4700 Keele St., Doiunevlew, Ontario, M3J1P3

If- CONTROLLING OFFICE NAME AND ADDRESS IS- REPORT DATE

Office of Naval Research October, 1984
800 N. Quincy WS. NUMBER OF PAGES 1
AIIA-Atno VA 91212

14. MONITORING AGENCY NAAE & AOORESS(d., &V Amg&g CasguIIhW oia..9) 1& SECURITY CLASS. (of W~e f.,.ea

Unclassified

IS-- DISTRIBUTION STATER EN (of da e Rapi111nWe)I 
T O O ai o- R

*This document has been approved for public release and sale;

its distribution is unlimited.

11. OISTRIIBUTIOuI STATEMIEN T (of Me. 0609NMa mnkmd An DSeH MWV &OW NJin WQ

IL. SUPPLEMENTARY MOTES

Prepared for publication in the Journal of Chemical Physics Letters

ft. KEY WORDS (Comntu. aM #*VM@ e a ne...up aw 0d&.t by I I MOWW)

(Metal to ligand) charge transfer, ReAdo potentials, 9olvatoettromis

SO. ABSTRACT (Caitfu uso eovwrnolad@eO nieoea~ i fmq~ypq~'trv etena 'ia
Using a-free energy diagram,77 are.-bw btwen n--rc
charge transfer energy and the electrochmCal potentials of the onor and

acceptor orbitals concerned. The charge transfer spectroscopy and electro-

chemical potentials of the title complex were studied in various solvents.
A linear correlation, with negative slope, was observed between thei diffirenc
in o-ddation and reduction potentials and an MLCT transition. Using some
additional solvent data, a ntmber of useful parameters were derived in a

fjhon.wich would not be possible through consideration of either technique

00 1 jA"7 1473 EDITION OF I NOV so is OBsOLgE ni1f
SE1CURITY CLASSIFICATION OF THIS PAGE (1haM Data W.W'S



1-/10/84 CPL

Correlation of Electronic" Charge Transfer Transitions and

Electrochemical Potentials. The Bipyrazine(Tetracarbonyl)-

Nolybdenum(O) System in Various Solvents

By Elaine S.Dodsworth and A.B.P.Lever*

Dept. of Chemistry, York University, Downsview(Toronto), Ontario,

Canada, M3J IP3.

Abstract

'-)Using a free energy diagram, a relationship is drawn between

an optical charge transfer energy and the electrochemical

potentials of the donor and- acceptor orbitals concerned. The

charge transfer spectroscopy and electrochemical potentials of

the title complex were studied in various solvents. A linear

correlation, with negative slope, was observed between the

difference in oxidation and reduction potentials and an MLCT

transition. Using some additional solvent data, a number of

useful parameters were derived in a fashion which would not be

possible through consideration of either technique alone

An electronic charge transfer transition involves excitation from

a donor orbital in the ground state of a molecule, to an acceptor

orbital in a Franck-Condon (non-equilibrium) excited state of the

molecule. In this paper we refer specifically to an MLCT

transition, from an orbital, #M mainly on the metal, to an

orbital, #L1 primarily on the ligando However the treatment is

quite general.

An electrochemical study may, in appropriate cases, define the

redox potentials of orbitals related to those above. Thus we may



1/10/84 CPL 2

observe the oxidation potential of *M in the ground state of the

complex MLn , and the reduction potential for adding an electron to

*L to form the ground state of the reduced species MLn .

Previous authors (1-53 have demonstrated qualitative

relationships between optical charge transfer energies and

electrochemical potentials but now we seek a more quantitative

understanding in which quantities not derivable from either

electronic spectroscopy or electrochemistry alone, can be obtained

by a combined analysis.

In view of the solvation contributions to the parameters

obtained with each technique, a combined analysis is best

.approached within the framework of the collection and comparison

of data in a range of solvents. The analysis which follows is

based upon theories developed by Born (61, Onsager 171, Kirkwood

(81, Lippert [91, Marcus (101 and Meyer [11.

Use of a free energy cycle (Fig.1) permits one to relate the

various thermodynamic quantities (as defined in the legend to

Fig.1), measurable in the two experimental regimes. Thus the

following equalities may be written:-

Eop = AZs + Xi +Xo
(1)

AK5 - AEg + &(Sol)

(2)

AKg - nFAE(redox) + AG s + Q

- (nrAz'(redox) + x) + AAG 5 + Q (see text below)

(3)
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and hences-

Xop= + nFAl(redox) + &&Gs + Q) + Xo + A(sol)

(4)

where 6 + A sol) is the total change in solvation free energy as

earlier defined in [10b) eqno(13), and (9) eqn.B2a, and X, and Xo

are the inner sphere (vibrational) and outer-sphere (solvent, but

also vibrational in nature) contributions to the reorganisation

energy of the transition, respectively. Note that as a

consequence of the Franck-Condon nature of the excited state, the

transition energy o is a free energy in that the entropies of

the ground and non-equilibrated excited stat* are the same 110b].

Equation (4), in which the square bracketed function is

solvent independent for a given molecule, provides the important

correlation between the two techniques.

The complex No(CO) 4 bpx (bps = bipyrasine) (121 displays a

strong band, inter alia, attributed to d(Co(0))-4- w*(bps) NLCT,

whose energy , lop' varies from about 16#000 to 20,000 cm "1

depending upon the solvent environment and shifting to higher

energy with increasing solvent polarity, (Table 1) (of the

solvatochromism of the bipyridine analog (131). Electrochemical

data for a range of solvents are also shown in table 1.

* The reduction potential for the electrochemically rerersible

No(CO)4bps/No(CO)4bps" couple involves addition of an electron to

#L W  bps) forming the radical bpz" bound to No(0). This'couple

shifts to sore positive potentials with increasing polarity of the

solvent, as the ground state radical anion becomes more solvent
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stabilised.

Oxidation occurs at the No(O) d manifold but is

electrochemically irreversible, due to a following chemical

reaction (EC i mechanism) (15,16]. However the slow step of the

following reaction appears to be No-CO bond breaking which is

solvent independent. Thus the true thermodynamic potential will

be more positive than recorded in Table 1 by a solvent independent

quantity, say x mV (probably 100 < x < 300). Thus A(redox) in (4)

is replaced by AZt(redox) + x, where AZV(redox) is the

experimental difference between the oxidation and reduction

potentials.

A plot of Eop against AZI(redox) is linear with negative slope

(correlation coefficient 0.98):-

Eop - -1.04AE'(redox) + 33,950 (in cm 1)

(5)

This is an unexpected result appearing to contradict intuition in

that as the potential difference between donor and acceptor

orbital decreases, the optical transition energy increases. Such

an inverse correlation has not been previously reported. An

understanding of this phenomenon develops from further analysis

below.

The expression (6) (8] allows one to approximate the solvation

free energy of a species as a power seriess-

nio
AG3 = 0.5 E ((n+1)n/b2n+l)((-De)/((n+1)D + n)]

n-0
(6)

where terms higher than n - I are ignored and the reader is
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referred to the earlier literature (6-111 for detailed discussion

of the conditions under which this expression is useful. D. is the

static dielectric constant of the solvent, b is the radius of the
soue 0- and 2 '2whr

solute, Q0  
2e2  where is the dipole moment of

the solutt species. The term in n - 0 disappears for uncharged

species. The difference in solvation free energies of the

uncharged and thermally equilibrated ground and excited states,

A(sol), may be written using (6) as:-

A(sol) - A8G(e) -AG(g) s(e - g/

(7)

Following earlier authors (8-111, the Franck-Condon

destabilisation of the excited state, due to solvent interactions,

may be written:-

X= ((Ue - Ug)2/b 3 )[llDop)/(2nop + 1 1 - (I"DsI/12D+)]

(8)

where in (7,8) the ground and excited state dipole moments are

appropriately discriminated, and Dop is the optical dielectric

constant of the solvent (square of the refractive index). The

total solvent dependence excluding non-polar contributions (very

small [10b)), (eqn.(4)) is AT - A(sol) + )(,; summing (7) and

(8) yields (9) (after evaluating the vector products) [9,111t-

AZT - ((p0 2 + V g2 _ 21pgcosO)/b 3 )((l1Dop)/(2Dop+l)I

+ 2Vg(ueoo5O -Ug)/b 3 )[ (1 - Dg)/(2Da+1)1

(9)

The angle 0 Is that between the ground and excited state
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dipoles. The ground state dipole moment lies along the C2 axis

with the negative end pointing towards the CO groups.

Equation (4) can nov be recast in the general formt-

zop - Xi + Ahg + f(1-Dop)/(2Dop+1) + f'(1-Ds)/(2Ds+1)

(10)

where f and f group the factors shown in eqn.(9).

In a forthcoming paper (151 we develop this analysis with 23

solvents. Here we shall restrict ourselves to considering six

solvents of low polarity and low dielectric constant which might

be expected to obey the dielectric continuum model. The optical

data thereof (Table 1) obey (10) well according to (in cm-1):-

zap - 9500((1-Dop)/(2Do +1)) - 7600((1-Ds)/(2Ds+)) + 16,800

(11)

with a correlation coefficient of 0.988 and a standard deviation

of 65 (the lower set of six solvents shown in Table I were used),

and where the constant term, 16,800 cm " 1 is associated with

Xi + ANg. However the data yield a family of solutions which do

not differ greatly in their correlation coefficients or standard

deviations. Indeed the solution f - 0, f' - -7110, and Y + AN -
g

15,110 cm - 1 is not unreasonable (correlation coefficient 0.97,

standard deviation 169). This latter solution is, however,

inconsistent with the expressions in (9). The solution in (11) is

statistically the best, but does not differ significantly from

many other solutions in which f lies between zero and 9500 cmn1.

However f is generally found in the range -(7000 - 7700) cm " 1 and

the constant ranges from about 15,000 - 17,000 cm " 1. At this stage
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of study we note that the approach seems justified but that higher

quality and more extensive data are necessary.

The negative value for f' requires, considering equations

(8-11), that, in this system, the dipole moment changes

direction by 1800 in the excited state relative to the ground

state [2,15). This provides an understanding of the Franck-Condon

destabilisation of the excited state by polar solvents, and hence

of the negative correlation shown in (5).

For the purpose of indicating how these data may be utilised,

we choose a median value of the constant of 16,000 cm - 1 ,

Note that in the gas phase, AAG s W 0, therefore

Xi + nF&'(redox) + x + Q - 16,000 cu- 1
* Further, use of eqn.(5)

provides the value for nFAE'(redox) in the gas phase by insertion

of Rop - 16,000 cm-1 . Knowing AE'(redox) allows derivation of

Xi + x + Q - -1260 cm - 1. This then leads to the evaluation of

AAG, (eqn.3). Use of eqn(4) leads to evaluation of A(ol) + Xo"

These data are also collected in Table 1.

The sum ( X, + x) is necessarily positive but Q, using an

appropriate free energy cycle, is estimated to be near -0.5V [151.

The 'gas phase' optical energy is close to that observed in

pentane, as might be anticipated. The procedure provides an

interesting set of parameters whose values seems eminently

reasonable. Further development on this and related systems should

provide the impetus to link the study, of electrochemistry and

optical spectroscopy and to seek evaluation of other useful

parameters, such as the self-exchange energy, which may be

derivable from a free energy cycle involving Q. The merits and

boundary conditions inherent in this analysis will be discussed in
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more detail in a future publication 115). We also currently seek

emission data which should further define some of the parameters

derived.
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Table 1

Electrochemical and Spectroscopic Data&

E(Mo(I)/ E(bpz)/ &EI(redox) R B + G
Solvent tMo(O))b bpz-) OP A(sol)

eV eV eV cm-I cmI cm 1  cm -1

DMF 0.26 -1.42 1.68 (13,550) 19,650 3650 3710

PC 0.32 -1.41 1.73 (14,000) 19,550 3550 3260

MeCN 0.28 -1.45 1.73 (14,000) 19,450 3450 3260

Py 0.26 -1.52 1.78 (14,350) 18,900 2900 2910

THF 0.30 -1.52 1.82 (14,700) 18,650. 2650 2560

DCE 0.34 -1.53 1.87 (15,100) 18,150 2150 2160

DCR4 1.900 (15,350) 17,990 1990 1910

Et2O0 1.93c (15,530) 17,790 1790 1730

*8CHCl 3  1.980 (15,950) 17,360 1360 .1310

TCt 2.07c (16,670) 16,610 610 590

Pent 2.090 (16,870) 16,400 400 390

'Gas' 2.14c (17,260) 16,000 0 0

a) All electrochemical potentials referenced against ferrocene as

internal referrant (fc1/Fc is at 0.16 *V vs. ace) (141. Potentials

were recorded on Pt electrodes using cyclic voltammetry at scan rates

of 100, 50 and 20 mV/s. Confirm~atory data :were obtained using

differential pulse polarography. Data are averages of several

experiments.* b) The oxidation process ts electrochemically

irreversible. %p-E,/2 is comparable to that of the ferrocene couple

under the same conditions. Value quoted is 1/2(E3 + Ep2)

cCalculated from eqn.(5) in text. NB AN g +Xi ?m 16000 cm~ I Xj + x

+ Q - -1260 cm-1 6
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DNF -dimuethylformaiide; pc- propylene carbonate; PY -pyridine; TKF

tetrahydrofuran; DCE - 1 ,2-dichloroethanel DICK4 dichioromethane;

TC34 - tatrachioromethane g Pent -pentane. 'Gas' is extrapolation

using eqn.(11).



(M 9 009---------------(L +(ML) (ML) gMt --
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AE
-G s  -AG s
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(ML*) + (ML)e

(108) + (ML-) -2AG 5

AEs

-AG - nFAE(redox) 8

--2(24L)0 -- 2 2(ML) a. . . ..._ - 2(MNQ . .

Fig.1 Free energy diagram relating speciroscopic and electrochemical quantities.

(ML) is the neutral species, and (ML*), (ML+) and (ML) are the equilib rated excited,

mono-positive and mono-negative species respectively. Similarly AG 5, AG , G + and

AG are the solvation free energies for these respective species being defined as the

reversible work to transfer these solutes from the gas phase to a solvent. AE(redox) is

defined as the oxidation potential minus the reduction potential of the neutral species.

AE is the gas phase excitation energy to the equilibratedexcited state. AE is the
9" 1

solvent phase excitation energy to the equilibrated excited state. The quantity Q Is the

resonance energy involved in transferring an electron from (ML-) to (L+) yielding
, s(ML)g + (IL)$. Note that in the text AAG s  2AGs - AGs+  AG - and A(5ol)AC As- A.
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